I. INTRODUCTION
Rare-gas atom surface scattering is an established approach to obtain information on surface excitations of a solid (e.g., phonons) 1,2 as well as to characterize the interactions of rare-gas atoms with the solid, for example, distinguishing direct scattering 3 from trapping. 4, 5 Rare-gas atoms cannot easily form chemical bonds; hence, to probe atomsurface interactions relevant to surface chemistry, scattering of open-shell atoms is desirable. Inelastic scattering experiments provide detailed information about the atom-surface interaction but require atomic beam sources with narrow translational energy distributions. Hitherto, such experiments were unknown.
Hydrogen-the simplest open-shell atom-is an ideal starting point for the development of such capabilities as it will be a participant in many interesting model scattering systems. 6 For example, due to its low mass, an electronically adiabatic picture predicts inefficient energy transfer to most solids. Hence, H atom interactions with solids can be particularly sensitive to failure of the electronically adiabatic approximation, 7 and it was recently shown that H atom adsorption to metals is governed by electron-hole pair excitation. 8, 9 Experiments probing inelastic H atom scattering from surfaces are extremely challenging. H atom sources providing narrow velocity distributions have not been available; previously, discharge-based H atom sources with electromagnetic velocity filters were used. 10, 11 Detection of H atoms is also challenging: Bolometers, 11 ZnO conductivity detectors, 12 and photographic plates 13 are sensitive to H atoms, but their slow a) Author to whom correspondence should be addressed: oliver.buenermann@ chemie.uni-goettingen.de temporal response has restricted all previous experiments to spatially resolved diffraction measurements. [13] [14] [15] [16] [17] In this paper, we show how to produce nearly monoenergetic pulsed H atom beams in an apparatus capable of sensitive time-and angle-resolved H atom detection. H atoms are produced by laser photodissociation of hydrogen halides cooled in a molecular beam. Angle resolved time-of-flight (TOF) is performed by Rydberg atom tagging (RAT) with a rotatable detector. 18, 19 The scattering chamber has a base pressure of 1 × 10 −10 mbar, suitable for maintaining pristine surfaces for many hours. The apparatus allows direct observation of H atom inelastic scattering from solid surfaces.
II. EXPERIMENTAL SETUP
The design was inspired by previous instruments used for investigating H atom scattering from gas-phase molecules. [19] [20] [21] These, as well as the present apparatus, employ photolysis of a hydrogen halide supersonic molecular beam [22] [23] [24] to produce beams of H or D atoms with narrow energy distributions and Rydberg atom tagging 18, 19 to determine the scattered atoms' final speeds and angles. To allow experiments on clean well characterized solid surfaces, we improved the vacuum quality and provided a manipulator to position the solid-sample and control its temperature. In addition, surface cleaning (argon ion bombardment, H atom cannon) and characterization tools (Auger electron spectrometer and low energy electron diffractometer) were included. Figure 1 shows the central parts of the apparatus in detail. The vacuum system consists of a source chamber, two differential pumping chambers, the main scattering chamber, and the sample preparation chamber (not shown in Fig. 1 ). In Secs. II A-II C, we describe in detail the photolysis source, the UHV scattering chamber, and the detection system.
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In the source chamber, the hydrogen halide molecular beam is formed in a supersonic expansion from a pulsed nozzle, passes a skimmer, and is intersected by the photolysis laser before it hits a liquid nitrogen cooled beam dump. All parts of the molecular beam source are shown in yellow. Part of the generated H atoms leave the source chamber through a second skimmer, pass two differential pumping stages, and enter the main chamber where they hit the sample surface. In between the differential pumping stages, slide valves are installed to allow maintenance of the source without breaking UHV in the main chamber. The sample is mounted on a six-axis manipulator allowing the incidence angle, ϑ in , to be varied between 0 • and 90 • . The azimuthal scattering angle, ϕ in , can be varied between ±45 • . The surface temperature can be varied from 45 to 1500 K. The electron bombardment heater is marked in red, and the connection to the flow cryostat is shown in blue. The scattered H atoms are excited to a metastable Rydberg state by the tagging lasers, pass an aperture defining the angular resolution of the detector, and after a ∼250 mm flight path are field ionized and detected by a MCP detector. The detector is mounted on a rotatable arm to enable variation of the scattering angle, ϑ s . A coordinate system is included to define the x, y, and z axes.
A. Photolysis source
The source chamber is evacuated by a 1500 /s cryogenic pump and houses a pulsed nozzle/skimmer/beam-dump assembly (yellow in Fig. 1 ) to generate a supersonic beam of HI or HBr. After expansion from the pulsed nozzle, the molecular beam passes a 2 mm diameter skimmer 30 mm downstream before it is intersected by the photolysis laser, 60 mm from the nozzle. The source chamber is partially divided into two sections by a horizontal plate which prevents the HX gas not passing through the skimmer from reaching the photolysis region before the photolysis laser fires. The molecular beam pulse duration is ∼200 µs, and the optimal delay between nozzle opening and firing of the photolysis laser is 400-600 µs. To ensure a low hydrogen halide pressure in the apparatus, a liquid-nitrogen cooled molecular beam dump is installed. It consists of a copper housing surrounding the photolysis region which has holes for the molecular beam and photolysis laser to enter, for the H atom beam to leave, and in the direction of the cryogenic pump for pumping. In this way, the skimmed molecular beam hits a cold copper cone mounted to the housing.
The beam dump reduces the pressure rise due to the molecular beam by 2 orders of magnitude from 1 * 10 −5 to 1 * 10 −7 mbar. Furthermore, the beam prevents multiple diffuse scattering of HI in the source region and blocks the path to get to the surface. With the beam dump warm, the solid sample in the UHV chamber became covered with iodine within an hour; however, with the beam dump cooled down, no contamination could be detected, even after many hours.
We purchased HBr (99.995% pure) from Linde and synthesized HI. To produce HI, we add doubly distilled water dropwise to a mixture of red phosphorous (>97%, Merck) and I 2 (>99.5%, Fluka) with a mass ratio of 61.96:759.84. Heavy water (>99.9%, Euriso-top) can be used to produce DI by the same means. Excess water is removed using a water cooled distillery, followed by a trap cooled with ice water and a CaI (>99%, Aldrich) filter before the HI is frozen in a liquid nitrogen trap. HI is stored at liquid nitrogen temperature. The vapor pressure of HI at room temperature is about 7 bars (20 bars for HBr). For high intensity studies, we use neat molecular beams; for high resolution studies, we use Ar seeded molecular beams with mixing ratios HX/Ar of between 0.053 and 0.33.
We use a slightly modified general valve series 9 with an opening of 0.79 mm with Polychlorotrifluoroethylene (PCTFE) (Kel-F) poppets and perfluoro elastomer (FFKM) (Kalrez) seals. To avoid clogging the nozzle, the polytetrafluoroethylene (PTFE) coating of the plunger was removed. Despite these precautions, the nozzle has to be maintained frequently, especially when operated with HI. To allow maintenance without breaking vacuum in the main chamber, homebuilt slide valves-one for the H atom beam and two for the access of the photolysis laser-are installed between both differential pumping stages.
For photolysis, we mainly used ArF or KrF excimer lasers with unstable resonator optics. Alternatively, we use the second or third harmonic of a dye laser (200-400 nm) or light produced with four-wave mixing 25 (FWM) (120-145 nm). The dye laser is pumped by the second harmonic of a Nd:YAG laser. The FWM schema is explained in more detail in the detection section. Using dye laser harmonics or FWM provides tunable H atom translational energy with improved H atom energy resolution. Despite the 100× lower pulse energy from the dye laser system, the integrated H atom beam intensity is only lower by 5-10×; in fact, the peak intensity may even be higher than that produced with the excimer lasers. The dye laser's advantages include its shorter pulse duration, higher degree of polarization, narrower bandwidth, and better beam quality and hence better focusability.
Some H atoms flying perpendicular to the molecular beam leave the source chamber through a second skimmer (2 mm diameter; shown in red in Fig. 1 ) and pass through two differential pumping stages (DS1 and DS2), both evacuated by 300 /s turbo molecular pumps. The chambers are connected by 5 mm apertures that ensure a well collimated beam. The H atoms enter the scattering chamber and collide with the sample surface. The diameter of the H atom beam at the surface is 8 mm. The distance between the photolysis region and the sample surface is kept as short as possible-166 mm-to ensure an intense H atom beam. To further ensure that no background gas from the source chamber can enter the main chamber, the sample surface views a cold surface (<10 K) in the cryo-pump through the differential pumping apertures. This was accomplished by drilling a hole in the appropriate position of the baffle of the cryo-pump.
B. UHV scattering chamber
The UHV main chamber comprises a region for scattering where the rotatable detector is found as well as a sample preparation region where the sample surfaces are cleaned, prepared, and characterized. The preparation region provides low energy electron diffraction (LEED), Auger electron spectroscopy (AES), argon ion or hydrogen atom bombardment, and an ultrahigh vacuum leak valve for surface dosing. Metal samples can be cleaned using several iterations of argon ion sputtering and annealing. The cleanliness and structure of the surfaces are monitored by AES and LEED. The main chamber is pumped by one 2000 /s turbomolecular pump with a 80 /s turbopump as a booster and can be accessed through a 500 mm diameter hatch sealed by differentially pumped spring loaded Teflon seals. 26 The sample is mounted at the end of a 6-axes manipulator that is mounted at the top of the preparation region. This allows us to transfer the sample between both regions (along the z-axis). An all-metal gate valve is installed between the scattering and preparation regions so that the sample can be retracted into the sample preparation chamber and kept under UHV when the scattering chamber needs to be vented. The 6-axes manipulator provides translation in the z, x, and y directions and rotation about the y and z axes. By translating along the x-and z-axes, two pinholes mounted to the sample holder are used to move the sample into precise alignment with the tagging laser beams. Rotation about the z-axis is needed for positioning the sample in front of various devices in the preparation region; rotation about the y-axis provides control of the incidence polar angle, ϑ in = 0 • − 90 • . Finally, the azimuthal angle of incidence, ϕ in = ±45 • , can be varied with this manipulator. The sample temperature can be adjusted between 45 and 1500 K employing electron bombardment heating and cooling by using a flow cryostat, either operated with liquid nitrogen or cold helium.
Four axes were aligned with high precision: The molecular beam axis, the H atom beam axis, the photolysis laser beam axis, and the tagging laser beam axis. Flanges concentric with these axes were machined with high precision. Furthermore, the chamber walls are up to 50 mm thick to prevent deformation of the chamber under vacuum. The apertures installed between the differential pumping stages and the mount for the molecular beam were aligned using alignment telescopes.
For bake out, flat heaters are attached to the chamber and an aluminum heat tent is installed. The chamber is divided into 22 sections each having its own temperature sensor. A feedback control program ensures a uniform and gradual slow heat-up and cool down of the chamber. The chamber is baked at 120 • C typically for about two days.
C. Detection system
The scattered H atoms are detected by Rydberg-atom tagging time-of-flight. Introduced by Welge and co-workers in 1990, 18, 19 it is one of the most sensitive, accurate, and highresolution methods of measuring the translational energy of atoms. The method is made possible by exciting the H atom to a high Rydberg state just a few cm −1 below its ionization limit. Such states can exhibit long (>10 µs) radiative lifetimes allowing their TOF over long flight distances to be obtained after field ionization. By employing focused laser beams, very small excitation volumes can be realized, another factor important to achieving high TOF resolution. Since Rydberg atoms are neutral, space charge and stray fields are unimportant. Furthermore, detection is close to background-free; charged background particles can easily be rejected with electric fields. It is important to reduce the H 2 O partial pressure in the chamber as much as possible as H 2 O produces background signal. Still, even here, it is easily identified 27 and can be subtracted.
In practice, two laser pulses are used to excite H atoms to a long-lived Rydberg state. First the H atom 1s-2p transition is excited at 121.57 nm. A second photon (∼365 nm) excites further to states with n = 30-70. The n is chosen by scanning the Rydberg states while observing the signal intensity. The transition dipole moment decreases with increasing n, but the lifetime of the Rydberg states increases. Depending on the flight time of the H atoms, an optimal n exists. We found n = 34 to be optimal for our setup. The laser system used for this comprises a single Q-switched ns Nd:YAG laser pumping three dye lasers operating at 30 Hz. No injection seeding is needed in the YAG laser. To generate the Lyman-α radiation at 121.57 nm, we use (2ω 1 −ω 2 ) degenerate four wave mixing 25 of 212.56 nm (produced by stepwise tripling the output of a dye laser in two non-linear crystals) and 845.09 nm pulses (from the fundamental of a second dye laser) focused into a krypton/argon gas cell. Adjusting the composition of the Kr/Ar mixture achieves phase matching; we found 1:3 (Kr:Ar) at a pressure of 100-120 mbars to be optimal. 365.90 nm (for n = 34) light pulses are produced by the second harmonic of the third dye laser and is focused into the chamber by a 500 mm lens. The 121.57 nm beam counter propagates with that at 365.90 nm. Typical energies for the laser pulses are: 2 mJ for 212.56 nm, limited by the damage threshold of the LiF lens, 10 mJ for 845.09 nm, and 10 mJ for 365.90 nm. For 2 mJ 212.56 nm, the FWM is saturated for the energy of the 845.09 nm laser.
The design of the mixing cell is presented in Fig. 2 . Both 212.56 nm and 845.09 nm beams are focused by a single 200 mm lens into the 200 mm long cell through a quartz window and their foci are overlapped in the cell. A telescope for the 845.09 nm beam ensures good overlap of the foci of both lasers along the beam propagation direction. The generated 121.57 nm radiation is collimated at the exit of the cell by a 50 mm LiF lens. The distance between the lens and tagging point is 300 mm. The LiF lens is sealed with two differentially pumped O-rings against ultra-high vacuum. The cell is connected to a gas manifold including two mixing cylinders in which the desired argon/krypton mixtures can be prepared. A Baratron ® capacitance manometer is used to measure the pressure in the cell. The cell is bake-able at 120 • C.
For low resolution and high signal experiments, the 121.57 nm and 365.90 nm beams are focused to a 1 mm spot at the tagging point; tighter focusing increases the resolution. The 1s-2p transition is nearly saturated and the 2p-(n = 34) transition is fully saturated in the low resolution configuration. All FIG. 2 . Design of the four-wave-mixing cell (FWMC) used to generate the Lyman-α radiation. The FWMC consists of a 200 mm long stainless steel cylinder with an inner diameter of 10 mm. The cell is sealed to atmosphere by a fused silica window; to UHV, it is sealed by a differentially pumped LiF lens (see zoom) with a focus length of 50 mm for 121.57 nm. Both lasers required for FWM (212.56 nm and 845.09 nm) are focused into the cell using a 200 mm lens (not shown). The generated VUV radiation is collimated by the LiF lens to a spot 300 mm downstream. The FWMC is mounted to the UHV chamber with a CF 100 conflat flange. The cell is connected to a gas manifold to fill it with the required Kr/Ar mixture. The pressure in the cell is measured using a Baratron capacitance manometer. The cell is baked at 120 • C while evacuated by a turbomolecular pump during the bake out of the whole apparatus.
wavelengths are stabilized using a wavemeter to prevent long term drifts.
After tagging, the neutral Rydberg atoms travel ∼250 mm, pass an aperture at 90 mm, pass a grounded mesh 4 mm before the multichannel plate detector (MCP), and are field-ionized in a modest electric field (∼1 kV/cm). The aperture defines the angular resolution of the detector. For a 5 mm diameter aperture, angular resolution is ∼3 • . The ions are detected using a Z-stack MCP. A multichannel scaler records the TOF distributions. The detector is mounted on a differentially pumped rotational feedthrough, making it rotatable and enabling TOF measurements at various scattering angles, ϑ s . The viewport for the 365.90 nm beam is collinear with the rotation axis of the detector. The corresponding viewport is mounted on a second differentially pumped feedthrough on top of the first one to ensure that it stays fixed when the detector is rotating and alignment is maintained. The goniometer holding the detector covers an angular range of 0 • -150 • with respect to the atomic beam in the plane perpendicular to the tagging laser beams. A second detector allows out-of-plane scattering to be detected and covers an angular range of 0 • -150 • in-plane and ±60 • out-of-plane. The main chamber also holds a stationary MCP-based Rydberg detector in the flight path of the incident H atom beam, which is used for laser alignment and H atom beam characterization.
III. CHARACTERISTICS OF APPARATUS

A. Characterization of Rydberg tagging time-of flight detector and calibration of the flight distance
To characterize the detector-overlap rotation axis of the detector and tagging lasers and determination of flight distance-we installed an additional retractable pulsed nozzle in the source chamber (not shown in Fig. 1 ) which points directly into the main chamber. The nozzle is used to form a supersonic beam of HCl that is dissociated and tagged by the tagging lasers in the main chamber. Because of the collinear geometry of the tagging lasers, all photons involved in the tagging process are present in the interaction volume: 212.56 nm, 845.09 nm, 121.57 nm, and 365.90 nm. Thereby, HCl can be dissociated by the both short wavelength 212.56 nm and 121.57 nm, and in each case, two dissociation pass ways are possible, one leading to a H atom and a ground state Cl and one leading to a H atom and Cl in the spin orbit excited state. Hence, H atoms with 4 different speeds are formed, two from 212.56 nm and two from 121.57 nm dissociation. We recorded the TOF spectra of H atoms produced in this way at four different detector angles-see Fig. 3 -and performed a fitting procedure to derive the H atom flight distance at each angle. This allowed us to also determine the spatial offset between the rotation axis of the detector and the propagation axis of the tagging laser beams.
To implement this, we need the HCl dissociation energy (35 747.2 cm −1 Ref. 28 ), the Cl ( 2 P 3/2 -2 P 1/2 ) spin-orbit splitting (882.35 cm −1 ), and the most probable speed of the HCl molecular beam (obtained from the formula below), are fitted to a sum of four Gaussians each representing one of the possible HCl dissociation channels. The fits are shown as gray lines in Fig. 3 . Each fit gives the flight distance for one specific detector angle. Under the assumption that the detector rotates in the plane perpendicular to the beam direction, we obtain four detector positions on this plane. Fitting a circle to these points, we derive the position of the axis of rotation of the detector (in the x, z plane) and the flight length from this position, r. We also obtain the spatial offset in the x, z plane between the detector's center of rotation and propagation axis of the tagging laser beams: ∆x and ∆z. We have performed this procedure many times over several years and consistently obtain r = 0.2528(3) m, |∆x| < 1 mm, and |∆z| < 0.3 mm for the parameters. The precise values of the offsets depend on the quality of the laser beam alignment to the instrument. We emphasize that these uncertainties are upper limits and result in an uncertainty in the absolute H atom translational energy of ±0.8%. If reduced uncertainty in the translational energy measurement is required, an HCl photo-dissociation calibration is performed directly prior to those measurements and those parameters are used to correct the data sets. In this way, we can achieve an uncertainty in the absolute energy of ±0.2%.
The relative energy resolution of the detector is determined by three factors: the uncertainty in flight distance, the pulse duration of the tagging lasers, and the angular acceptance. The pulse duration of the tagging lasers is 10 ns. For typical flight times of 10 µs, a E/∆E ≈ 500 can be achieved. The uncertainty in flight distance is given by the size of the tagging point. For a 1 mm tagging point, we obtain a resolution of E/∆E ≈ 100, and for a 0.1 mm tagging point, E/∆E ≈ 1000. For an acceptance angle of 3 • , the resolution is limited to E/∆E ≈ 1400. Depending on the flight time and the size of the tagging volume, the resolution is either limited by the pulse duration of the tagging lasers-fast H atoms and large volume-or by the focal size-slow H atoms and small volume.
B. Characterization of H atom source
H atom beam TOF distributions were recorded with the rotatable detector positioned in-line with the beam. Figure 4 (a) and Table I present derived H atom translation energy distributions produced by ArF and KrF excimer laser photodissociation of HI and HBr. Translational energies from ∼1 eV to ∼3.3 eV are achieved. 22, 23 Energy widths of these beams are typically a few tens of meV. At the position of the solid sample located 166 mm from the dissociation volume, the intensity of the H atom beam is 10 6 -10 8 atoms per pulse; the beam is circular with an 8 mm diameter and has a duration of ∼100 ns. Figure 4 (b) shows similar results for an H atom beam produced by doubled dye laser photo-dissociation; the translational energy is 1.823 ± 0.0027 eV. The temporal width is ∼20 ns. The time integrated beam intensity is about 10× lower than for excimer photodissociation. Using a dye laser at 274.8 nm to dissociate HI, we formed a 0.51 eV H atom beam. Figure 4 (c) shows the corresponding kinetic energy distribution. In this case, the HI beam had poor quality evident in the high rotational temperature of 86 K and a notable cluster contribution. Figure 4 (d) shows two representative beams for vacuum ultraviolet (VUV) photolysis using the FWM schema.
In the case of photo-dissociation in the VUV, resonant transition to pre dissociating Rydberg states can be used. We scanned an energy range of 81 700 cm −1 to 82 600 cm −1 and found several resonances. Figure 4 (d) shows H atom beams generated by using the strongest resonance for the HI → H + I * pathway, giving 6.17 eV H atoms, and the HI → H + I pathway, giving 7.10 eV H atoms. Both are parallel transitions. The resonance forming the slower H atoms gives a four times stronger H atom beam. The integrated intensity of the beams is comparable to that produced by dissociation with a tripled dye laser.
In principle, the translational energy width of the H atom beam is determined by three factors: the photolysis laser's focal size and bandwidth, as well as the rotational temperature of the hydrogen halide beam. Depending on how the beam is produced, some of these factors are more important than others. The bandwidth of a pulsed dye laser is ∼0.1 cm −1 , which contributes only 0.0006% (∆E/E) to the H atom energy width. For an excimer laser with a bandwidth ∼1 nm, this contribution is 0.4%. For a 1 mm focal size, we find a ∼1% contribution, whereas when the laser is strongly focused (10 µm diameter), this contribution is reduced to ∼0.01%. For the H atom beams shown in the panels (b) and (c) of Fig. 4 , a focused dye laser beam was used for photo-dissociation of HI. The expected energy positions of H produced from photolysis of several HI rotational states are shown; the H atom energy width is clearly determined by the rotational population distribution of the HI precursor (primarily the significant population of J = 0 and 1). Here, the rotational constant of HI is 6.4 cm −1 and the rotational temperature is 11 K (b) and 86 K (c). If the rotational temperature of the HI beam were lowered further, the H atom energy width would ultimately be limited by the focal size of the laser beam. In the case of VUV photolysis, only one J state is addressed. Here, the obtained width of the H atom beam is limited to 12 ns (an apparent energy width of ∼20 meV) by the pulse duration of the photolysis and tagging lasers. Clearly, the energy width of the H atom beam produced in this way is significantly lower than 20 meV. In the case of VUV photolysis, seeding the beam enhances the intensity of the H atom beam since more population is found in one single quantum state.
The overall resolution of the instrument is either determined by the resolution of the detection system or the width of the H atom beam. Here, also the temporal width and the divergence of the H atom beam are of relevance. So far, we did not find a sample surface where the measurement of the energy of scattered H is limited by the apparatus resolution. Figure 5 (a) shows typical TOF data obtained when H atoms are scattered from a metal surface. The colored curves indicate TOF data obtained for different delays between the photolysis and tagging laser pulses. At small delays, faster H atoms are seen compared to long delays. This results from the fact that slower H atoms recoiling from the surface take longer to arrive at the tagging laser beam, which is located 0.5-0.7 mm from the surface. To obtain the complete TOF distribution, TOF data at a larger number of delay times need to be obtained. In practice, the delay is quickly scanned (10 steps/s) over the required time window while the TOF distribution is recorded. Furthermore, the background signal (no H atom beam) is recorded simultaneously and subtracted. Scattering experiment from metal surfaces is very sensitive to surface contaminations even more than are AES or LEED. This fact limits the measuring time depending on the metal to a few hours (Au) or only ∼30 min (Ni). We perform a density-to-flux conversion to the obtained TOF distribution [panel (b)] and convert this to a translational energy distribution using the proper Jacobian [panel (c)]. The data acquisition was simulated in a Monte Carlo simulation to ensure a correct summation and transformation to flux of the experimental data. The large energy loss is due to the transfer of H translational energy to electronhole-pair excitations of the metal. 8 Additional studies on metal surfaces examine the isotope effect 29 and the influence of the metal's identity. 30 Figure loss. Because many hours of averaging are required to obtain results like those in panel (a), we developed a simpler approach to obtain scattering angular disruptions. Here, we use a gated counter to directly integrate the TOF signal and record this integral at various scattering angles (black symbols). We compare this to the scattering angular distribution obtained by integrating over the energy axis of Fig. 6(a) (red symbols) . In this case, the flux and the density distribution look very similar which is due to the fact that the kinetic energy distribution is nearly independent of scattering angle.
C. Example measurements
To contrast the behavior seen for metals, shows representative translational energy distributions for two incidence energies and both isotopes. The translational energy distributions are narrow and peak at low energy losses. The heavier D atoms lose more energy than the lighter H atoms. The energy loss, angular distributions, and the isotope effect can be explained within a simple hard cube model. 31 
IV. CONCLUSION
In this paper, we presented a new experimental setup to perform inelastic H atom scattering experiments from surfaces. The combination of a photolytic H atom beam source with the Rydberg atom detection method gives a sensitive and high resolution probe for H atom interactions with surfaces. So far, the focus of the experiments has been scattering from transition metal surfaces. 8, 29, 30 The experiment delivers high quality data that will serve as benchmark data for theoretical models describing non-adiabatic effects in surface dynamics. As examples, we showed scattering from a metalAu (111)-and an insulator-α-Al 2 O 3 (0001). In principle, a spin polarized version of the presented experiments could be possible using special dissociation and detection schemas. [32] [33] [34] [35] Currently, we are working on the realization of a short pulse version to perform pump-probe experiments with a H atom beam in combination with an ultra-short laser pulse. 36 Furthermore, we want to expand the source concept for atomic beams to other elements using a VUV free electron laser and in combination with imaging detection. 37 
